Chloroplast heat shock protein 90 (Hsp90C) represents a highly conserved subfamily of the Hsp90 family of molecular chaperones whose function has not been defined. We identified Hsp90C as a component that interacts with import intermediates of nuclear-encoded preproteins during posttranslational import into isolated chloroplasts. Hsp90C was specifically coprecipitated with a complex of protein import components, including Tic110, Tic40, Toc75, Tic22, and the stromal chaperones, Hsp93 and Hsp70. Radicicol, an inhibitor of Hsp90 ATPase activity, reversibly inhibited the import of a variety of preproteins during translocation across the inner envelope membrane, indicating that Hsp90C functions in membrane translocation into the organelle. Hsp90C is encoded by a single gene in Arabidopsis thaliana, and insertion mutations in the Hsp90C gene are embryo lethal, indicating an essential function for the chaperone in plant viability. On the basis of these results, we propose that Hsp90C functions within a chaperone complex in the chloroplast stroma to facilitate membrane translocation during protein import into the organelle.
T he function of chloroplasts in photosynthesis, and the metabolism of amino acids, lipids, and secondary metabolites, positions them at the central hub of plant metabolism and signaling (1) . Chloroplast biogenesis and function rely on the coordinate expression of genes from both the plastid and nuclear genomes, and several thousand nuclear-encoded proteins are imported into the organelle following their synthesis on cytoplasmic ribosomes. The majority of these proteins are synthesized as preproteins with an amino-terminal cleavable targeting signal, the transit peptide, which directs their import into chloroplasts through multiprotein membrane complexes or translocons located in the outer (TOC) and inner (TIC) chloroplast envelope membranes (2, 3) . During or shortly after transport through the TOC and TIC translocons, proteins fold and assemble or engage secondary targeting pathways within the organelle that mediate sorting and insertion to the inner envelope and thylakoid membrane systems (4) .
The targeting and translocation of preproteins at the chloroplast envelope is facilitated by a variety of molecular chaperones (5) . Cytosolic molecular chaperones, Hsc70 and Hsp90, have been proposed to assist in delivery of preproteins to the TOC receptors, Toc34 and Toc159, and the intrinsic GTPase activities of the receptors initiate outer membrane translocation via the β-barrel membrane channel, Toc75 (2, 3) . Preprotein translocation occurs simultaneously through the TOC and TIC complexes with the assistance of Tic22, a chaperone in the intermembrane space (6, 7) , and the putative channel components, Tic20 and Tic21 (2, 3) . The TIC machinery interacts with three ATP-driven molecular chaperones in the stroma (3, 5) . Members of the Hsp70 family, cpHsp70, and the Hsp100 AAA+ (ATPases associated with various cellular activities) family, Hsp93, associate with the TIC translocon in the stroma to facilitate import.
Two functionally overlapping genes encode both cpHsp70 (cpHsp70-1 and -2) and Hsp93 (Hsp93-III and -V) in Arabidopsis. Mutants with reduced or altered cpHsp70 or Hsp93 activity exhibit reduced levels of protein import and marked defects in chloroplast biogenesis (8) (9) (10) (11) , leading to proposals that both chaperones function as molecular motors for preprotein translocation across the envelope. The chloroplast also contains an Hsp60/GroEL chaperonin family member, cpn60, which is proposed to function in the folding of newly imported preproteins downstream of cpHsp70 and Hsp93 (12) . All three chaperone systems have been shown to directly or indirectly immunoprecipitate with the major TIC component, Tic110 (10, (12) (13) (14) . Tic110 also contains a docking site for preproteins at the stromal side of the inner membrane (15) . At least one cochaperone, the integral inner membrane protein, Tic40, participates in import by facilitating the interaction of Hsp93, Tic110, and preproteins during the import reaction (9, 16, 17) . Together, these observations have led to the proposal that the stromal domain of Tic110 functions as a scaffold to assemble the chloroplast chaperone network at the TIC translocon and mediate transfer of the preprotein from the translocon channel to the chaperones (2, 3, 5) .
Despite strong evidence for their participation in protein import, the precise roles of individual chaperones in membrane translocation, protein folding, or suborganellar targeting has not been defined. In this study, we attempted to obtain a more complete accounting of the factors associated with protein import intermediates as a foundation for understanding the functions of the chloroplast import-associated chaperone network. We identified chloroplast heat shock protein 90, Hsp90C (18, 19) , a member of the Hsp90 family of molecular chaperones, as a component of purified complexes containing protein import intermediates. We demonstrate that Hsp90C specifically associates with the TOC-TIC apparatus and several preproteins during protein import. Hsp90C is encoded by a single essential gene in Arabidopsis thaliana, indicating a requirement of Hsp90C for chloroplast function. Radicicol, an inhibitor of Hsp90 ATPase activity, reversibly blocked the import of a variety of nuclear-encoded preproteins at early protein import intermediates. On the basis of these results, we propose that Hsp90C cooperates with TIC components and other molecular chaperones to drive transport of preproteins into chloroplasts.
Results
Hsp90C Is Associated with Protein Import Intermediates. The analysis of the function of the chloroplast chaperone network in protein translocation and protein folding are challenging because of the difficulties in isolating intermediates at the later stages of import. To address this issue, we took advantage of the unique import characteristics of the precursor to Arabidopsis Tic40 (preatTic40). PreatTic40 is nuclear encoded and our previous studies showed that it is imported into the stroma and accumulates as a soluble intermediate, int-atTic40, en route to insertion in the inner envelope membrane (20) . We imported a FLAG epitope-tagged version of urea denatured recombinant preatTic40, preatTic40-3xFLAG (Fig. 1A) , into isolated chloroplasts. After 30 min of import, high levels of the soluble intermediate, int-atTic40-3xFLAG, accumulate in the stroma (Fig. S1A, lane 1) . PreatTic40-3xFLAG and mature atTic40-3xFLAG also are present in the chloroplast membrane fraction (Fig. S1A, lanes 2 and 3) .
Chloroplasts from the 30-min import reaction were treated with dithiobis[succinimidyl propionate] (DSP), a thiol-cleavable, homobifunctional, and amine-reactive cross-linking agent to stabilize protein complexes (13) . The chloroplasts were solubilized, and proteins subjected to immunoaffinity purification using immobilized FLAG epitope antibodies, and bound proteins were eluted by FLAG peptide. Immunoblots showed that Tic110, Hsp93, and cpHsp70 coprecipitated with the atTic40-3xFLAG intermediates, whereas control proteins of the inner envelope membrane (albino or pale green mutant 1, APG1) and thylakoid membrane (oxygen-evolving complex 23, OE23) were not detected in the precipitates (Fig. S1B, lane 2) . These results establish the specificity of the immunoprecipitation reactions. A duplicate sample of the atTic40-3xFLAG immunoprecipitate was resolved by SDS/PAGE, silver-stained, and select protein bands were identified by MALDI TOF/TOF mass spectrometry. In addition to known TOC-TIC components (Fig. S1C , lane 5), we identified a major ∼83-kDa band as the chloroplast homolog of the Hsp90 (heat shock protein 90) family of molecular chaperones, designated Hsp90C (Fig. S2) . Although Hsp90C is present in chloroplasts from all plant species examined (18, 19) , its role in chloroplast function and biogenesis has not been examined in detail. Our data suggested that Hsp90C is involved in the import or suborganellar targeting of atTic40.
To confirm specific association of Hsp90C with preprotein import intermediates, we raised antibodies to recombinant Hsp90C (Fig. S3 ) and probed complexes immunoprecipitated with import intermediates of preatTic40-3xFLAG and a second preprotein, preatSSU-3xFLAG. PreatSSU-3xFLAG is a modified version of the precursor to the small subunit of ribulose-1,5-bisphosphate carboxylase oxygenase (RuBisCO) containing the FLAG epitope and His 6 tag (Fig. 1A) . Unlike atTic40, mature SSU is a soluble stromal protein, and previous studies have defined specific intermediates at several stages of import through the TOC-TIC complexes in in vitro import reactions (13, (21) (22) (23) (24) (25) . Import intermediates for both preproteins coprecipitated Hsp90C as well as Tic110 and Toc75 (Fig. 1B, lanes 7 and 11) . The interactions were specific because mock immunoprecipitates with anti-FLAG of chloroplasts lacking either preprotein intermediate failed to pull down Hsp90C or the TOC-TIC components (Fig. 1B, lane 3) . In addition, APG1 was not coimmunoprecipitated with either protein import intermediate (Fig. 1B, lanes 7 and 11) . Together, these data support the conclusion that Hsp90C specifically associates with nuclear-encoded proteins during import into chloroplasts.
Hsp90C Is Associated with TIC Components and Stromal Molecular
Chaperones. Hsp90C is a soluble protein that is primarily localized to the chloroplast stroma ( Fig. S3C) (18) . Therefore, we tested whether a fraction of Hsp90C associates with the TOC-TIC machinery at envelope membranes as part of the TIC-associated chaperone complex. To this end, total chloroplast extracts were immunoaffinity purified with anti-Hsp90C after treatment with or without DSP. Immunoblots showed that Hsp90C complexes contained Tic110 and Hsp93 in the absence or presence of crosslinker ( Fig. 2A, lanes 3 and 7) . Although the amount of Tic110 coeluted with Hsp90C did not increase detectably in the presence of cross-linker, coeluted Hsp93 increased markedly after cross-linking. CpHsp70 and very low amounts of endogenous Tic40 were only detected in complexes that were stabilized with Urea-denatured preatSSU-3xFLAG and preatTic40-3xFLAG were incubated with isolated pea chloroplasts under import conditions. After the reaction, the chloroplasts were isolated and treated with 1 mM DSP in the dark for 15 min. Chloroplasts (1 mg of chlorophyll) were dissolved in buffer containing 1% Triton X-100 and immunoprecipitated with M2 Flag antibody. Equivalent fractions of total chloroplast detergent extract (L), unbound material (UB), and immunoaffinity eluates (E), were resolved by SDS/PAGE and the resolved polypeptides were visualized by immunoblotting with antisera to chloroplast proteins as indicated to the Left of each panel. Lanes 4 and 8 of the Lower panels contain 10% of the preprotein added to each import reaction (Pr). Gels in the Lower panels were loaded with 10% of the material in the Upper panels and were probed with M2 FLAG antibody to detect preprotein intermediates. Total membrane fraction from DSP-treated chloroplasts was subjected to immunoaffinity chromatography and immunoblot analysis as in A. (C) DSPtreated chloroplasts were subjected to immunoaffinity chromatography using preimmune IgG sepharose, anti-Tic110 sepharose, or anti-Tic40 sepharose and immunoblotted as in A. (D) Isolated chloroplasts (200 μg of chlorophyll) were incubated with urea-denatured preatSSU-3xFLAG (lanes 6-9). Chloroplasts were treated with 1 mM DSP and subjected to sequential immunoaffinity chromatography as described in A. Lane 5 contains 10% of the preprotein added to each import reaction (Pr). (E) Quantification of proteins coeluting with Hsp90C in lanes 3 and 8 of D. Mean of the amounts measured in the absence of preatSSU3xFLAG (D, lane 3) was set at 1 for each sample (white bars). Chemilumenescence signals from the immunoblots in the presence of preatSSU-3xFLAG (D, lane 8) were quantified and plotted as a ratio to the amount coeluting in the absence of preatSSU-3xFLAG (black bars). Error bars represent the SE (n = 3). Fig. 2A, lanes 3 and 7) . The TOC channel component, Toc75, did not markedly coelute with Hsp90C under either condition ( Fig. 2A, lanes 3 and 7) . The APG1 control also was absent from both fractions. The immunoaffinity purification of chloroplast membrane extracts with anti-Hsp90C confirmed that a fraction of Hsp90C interacts with Tic110, Hsp93, cpHsp70, and Tic40 at the envelope membrane (Fig. 2B, lane 3) . The ability of Hsp90C to interact stably with Tic110 in the absence or presence of crosslinker suggests that Hsp90C associates with the import-associated chaperone complex via an interaction with Tic110.
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Tic110 and Tic40 are integral membrane components of the TIC complex, and they are both proposed to mediate interactions of molecular chaperones with the translocon (9-11, 14, 16, 17) . The data in Fig. 2A suggest that Hsp90C binds to TIC complexes via an interaction with Tic110 independent of Tic40 or other known import-associated chaperones. To examine this in more detail, we assessed Tic110 and Tic40 coprecipitation with Hsp90C to investigate their roles in Hsp90C binding to TIC complexes. Hsp90C coeluted with Tic110 (Fig. 2C, lane 3) , but very low levels of Hsp90C were detected in anti-Tic40 immunoaffinity eluates (Fig. 2C, lane 7) . Interestingly, high levels of Tic40 also coeluted with anti-Tic110, and large amounts of Tic110 coeluted with anti-Tic40 (Fig. 2C, lanes 3 and 7) . These data are consistent with an Hsp90C interaction with Tic110 and suggest that separate pools of Tic110 might interact with Hsp90C and Tic40.
Collectively, these results demonstrate that Hsp90C is a component of the import-associated chaperone network, likely associating with TIC complexes independent of other known chaperones at the inner envelope membrane via a direct or indirect interaction with Tic110.
Preprotein import stimulates the formation of TOC-TIC supercomplexes to facilitate simultaneous translocation across the outer and inner envelope membranes (21) (22) (23) 25) . To test whether Hsp90 participated in active supercomplexes, chloroplasts were incubated with saturating concentrations of purified recombinant preatSSU-3xFLAG and 0.1 mM ATP/GTP to form a translocation intermediate spanning both TOC and TIC complexes. The extracts were immunoaffinity purified with anti-Hsp90C and immunoblotted to detect TOC-TIC components (Fig. 2D) . Quantification of the chemilumenescence signals indicated that the levels of Tic110, Hsp93, and cpHsp70 in Hsp90C in immunoaffinity eluates were not significantly changed by the import intermediate relative to samples purified in the absence of preatSSU-3xFLAG (Fig. 2E) . However, the amounts of Tic22, Tic40, and Toc75 that coprecipitate with Hsp90C increased (Fig. 2 D, lane 3 versus 8 , and E). These data support the hypothesis that Hsp90 participates in active TOC-TIC supercomplexes during preprotein translocation.
Hsp90C Is Essential for Viability. To investigate the in vivo function of Hsp90C, we examined Arabidopsis mutants lacking a functional HSP90C gene. A single-copy gene located on chromosome II (AT2g04030) encodes Arabidopsis Hsp90C (Fig. 3A) . We obtained two independent T-DNA insertion lines, SALK_120525 (hsp90c-1) and SALK_012235 (hsp90c-2), but we could not obtain homozygous hsp90c-1 hsp90c-2 plants, consistent with annotation of these as lethal insertion mutations in public databases (Chloroplast Function Database; http://rarge.psc.riken.jp/chloroplast/) (26) . The SeedGenes database (http://www.seedgenes.org/) reported that two additional insertion lines in HSP90C, emb 1956-2 and emb 1956-1, are embryo defective at the heart stage of development (27) . Consistent with these observations, the siliques from the F 1 generation of the hsp90c-1 plants contained ∼25% albino and aborted seeds that fail to develop properly (Fig. 3B,  arrowsheads) . These data confirm that Hsp90C is essential for viability. To provide additional evidence that the defects in the insertion lines were directly linked to HSP90C, we transformed heterozygous hsp90C-1 plants with the HSP90C cDNA under control of a 1185-bp genomic fragment corresponding to its putative native promoter. Segregation and phenotypic analysis of these plants demonstrated that the transgene fully complemented the lethal phenotype of hsp90C-1 (Fig. 3C) . These data confirm that the HSP90C gene is essential in Arabidopsis, consistent with a critical role for the chaperone in chloroplast biogenesis and function.
Radicicol, an Inhibitor of Hsp90C ATPase Activity, Blocks Preprotein Import. The lethality of the HSP90C insertional mutants limited our ability to directly test Hsp90C's function in vivo and in isolated chloroplasts. Consequently, we tested the effects of radicicol, a specific inhibitor of the Hsp90 N-terminal ATP binding site (28) , in in vitro import reactions with isolated chloroplasts. A previous study demonstrated that radicicol inhibited the ATPase activity of Hsp90C isolated from the green algae, Chlamydomonas reinhardtii (29) . Radicicol also inhibited purified recombinant Arabidopsis Hsp90C ATPase activity, with 95% inhibition observed at 100 μM radicicol (Fig. S4) . Radicicol did not inhibit the ATPase activities of purified recombinant Hsp93 and AtcpHsp70-2 ( Fig. S4) , demonstrating its specificity for Hsp90C.
To investigate whether radicicol inhibited protein import, isolated chloroplasts were preincubated with the inhibitor before initiating the import reaction. Radicicol decreased the levels of import of in vitro translated preatSSU and preatTic40, with maximum inhibition of 76% and 69% observed at 500 μM radicicol, respectively (Fig. 4 A and B, lane 2 versus 4) . As a competitive inhibitor of ATPase activity (28), the effects of radicicol are predicted to decrease in the presence of increasing concentrations of ATP. Indeed, increasing the concentration of ATP from 1 mM to 5 mM in the presence of 500 μM radicicol fully reversed inhibition of preatTic40 import (Fig. 4B , lane 4 versus 6) and partially reversed the inhibition of pre-SSU import to 75% of uninhibited levels (Fig. 4A, lane 4 versus 6) . The relatively higher levels of radicicol required to inhibit import compared with those required to inhibit isolated Hsp90C likely reflects the presence of 1 mM ATP necessary to drive import in the assay. We also cannot discount the possibility that the chloroplast envelope represents a significant permeability barrier to the inhibitor. Taken together, these data are consistent with a direct role for Hsp90C in protein import. Table S1 ).
Interestingly, the levels of pre-SSU and preatTic40 bound to chloroplasts increased in the presence of radicicol (Fig. 4 A and B,  compare lanes 2 and 4) . The bound forms were protease sensitive (Fig. S5A , lane 4 versus 5 and lane 9 versus 10), suggesting that the inhibitor arrested import at an early intermediate stage in TOC-TIC translocation. To determine if the intermediate was productively engaged in the TOC-TIC translocons, chloroplasts from the radicicol-inhibited reactions were reisolated, washed, and incubated with ATP to test the import competence of the bound preproteins. A total of 80% of bound pre-SSU and 53% of bound preatTIC40 were imported (Fig. S5B, lane 3 versus 4 and lane 7 versus 8), suggesting that radicicol resulted in the accumulation of productive early intermediates in preprotein import.
We tested the import of urea denatured and purified recombinant preatSSU-3xFLAG to more precisely control the energetics of the reaction (24) and thereby define the stage of import affected by radicicol. Furthermore, previous studies have implicated cytosolic Hsp90 in the targeting of preproteins to the TOC translocon (30) , and the use of urea-denatured recombinant pre-SSU-3xFLAG eliminated the possibility that the effect on import was due to inhibition of cytosolic Hsp90 present in the reticulocyte lysate of in vitro translated preproteins (31) . Three general stages of import have previously been defined (2, 3, (21) (22) (23) (24) (25) : energy-independent binding to the TOC receptors, early import intermediates spanning both TOC and TIC translocons formed in the presence of 0.1 mM ATP/GTP, and late import intermediates captured in the presence of high concentrations of ATP (>1 mM) that are fully translocated across the TOC translocon and remain engaged with the TIC complex. Radicicol did not inhibit energy-independent binding (Fig. 4C, lane 2 versus 3) or formation of the preatSSU-3xFLAG early import intermediate (Fig. 4C, lane 4 versus 5) , but did inhibit the import of preatSSU-3xFLAG in the presence of 1 mM ATP (Fig. 4C, lane  6 versus 7) . The inhibition of import was reversed by increasing the ATP concentration to 5 mM (Fig. 4C, lane 7 versus 9 ). In the absence of radicicol, the early import intermediate was imported and processed to its mature form when the ATP concentration was increased to 1 mM (Fig. 4D, lane 2 versus 4) . By contrast, radicicol inhibited the import of the preatSSU-3xFLAG early import intermediate when the ATP concentration was increased to 1 mM (Fig. 4D, lane 2 versus 5 ). This inhibition was reversed if the ATP concentration in the import reaction was increased to 5 mM (Fig. 4D, lane 2 versus 6 ). Our results demonstrate that radicicol specifically inhibits a step subsequent to the formation of the early import intermediate. Taken together, these studies further support a direct role for Hsp90C in protein import and demonstrate that Hsp90 directly participates in the ATP-driven translocation across the outer and inner envelope membranes.
The TOC-TIC translocons mediate the import of proteins destined for multiple suborganellar compartments (4) . Therefore, we tested whether or not Hsp90C participated as a general component of the import system by examining the effects of radicicol on the import of additional preproteins that are targeted to the chloroplast stroma (preatE1α), the inner membrane (preatAPG1 and preatTic20), and the thylakoid membrane [prelight-harvesting chlorophyll a/b-binding protein (LHCP)]. Radicicol inhibited the import of all preproteins tested (Fig. 5 A-D,  compare lanes 2 and 3) , consistent with a general role for Hsp90C in TOC-TIC translocation. Interestingly, the inhibition of preatAPG1, pre-LHCP, and pre-Tic20 was less susceptible to reversal by 5 mM ATP (Fig. 5 B-D, lane 3 versus 5) , suggesting that the import of these more hydrophobic membrane proteins are more sensitive to the function of Hsp90C.
Discussion
The Hsp90 family is a highly conserved group of molecular chaperones that perform diverse functions (32) . Specific subfamilies of the Hsp90s exist in prokaryotes and multiple organelles in eukaryotes, including the cytosol, the ER (glucoseregulated protein 94, Grp94) (33), mitochondria (TNF receptorassociated protein 1, TRAP1) (34), and chloroplasts (Hsp90C) (18) . Cytosolic Hsp90 has been studied extensively, and its participation, with a number of cochaperones, in the targeting, assembly, and stability of multiprotein complexes has revealed critical roles in protein folding, cellular signaling, and protein trafficking (35) . TRAP1 is implicated in mitochondrial homeostasis of tumor cells (36) , and Grp94 function is essential in mouse embryo development (37) . In addition, Arabidopsis Grp94 is required for meristem function and supports the synthesis of a secretory protein in vivo (38, 39) . Despite the fact that insertional mutants lacking Hsp90C expression are lethal in plants ( Fig. 3) (26, 27) , the specific function of Hsp90C activity in chloroplasts is much less understood. Our data demonstrate that chloroplast Hsp90C functions as a general component of the TOC/TIC pathway for protein import into chloroplasts. Coimmunoaffinity purification studies showed that Hsp90C associated with protein import intermediates en route to the stroma and the inner membrane (Figs. 1 and 2) . The observation that radicicol inhibited the import of stromal, inner membrane, and thylakoid proteins strongly supports this conclusion (Figs. 4 and  5) . The radicicol data also suggest that Hsp90C is required for ATP-dependent translocation of preproteins through TOC-TIC translocons, consistent with a role as a component of the translocation motor. Our studies provide evidence directly linking Hsp90C to an essential activity required for chloroplast biogenesis (Fig. 3) .
There are precedents for the participation of members of the cytosolic Hsp90 in protein targeting and membrane translocation. Cytosolic Hsp90 has been shown to participate in the posttranslational targeting of preproteins to the TOC-TIC and translocase of the outer membrane-translocase of the inner membrane (TOM-TIM) import machinery of chloroplasts and mitochondria, respectively (30, 40) . It was recently reported that cytosolic Hsp90 participates in translocation of antigen across the endosomal membrane into the cytosol in mammalian cells and also in dislocation of the cholera toxin A1 subunit from the ER into the cytosol (41, 42) . We provide unique evidence for the involvement of an organellar Hsp90 in protein translocation (Figs. 1, 2, 4 , and 5). Our work extends the diverse roles of Hsp90 chaperone function and suggests that Hsp90s play more general roles in protein translocation in a variety of systems.
Although studies on the function of Hsp90C are limited, the accumulated evidence suggests that the chaperone plays diverse functions within chloroplasts beyond its role in protein import. Overexpression of Hsp90C in Arabidopsis reduces tolerance to salt, drought, and oxidative stress (43, 44) . Additionally, the cr88 mutant, a Gly-to-Arg substitution at position 646 of Hsp90C in Arabidopsis, alters responses to red light and constitutively delays chloroplast development (18) . These findings led to proposals that Hsp90C also is involved in stress responses and functions in the transduction of plastid signals that regulate photosynthesisrelated gene expression in a manner reminiscent of the role of cytosolic and other organelle Hsp90 family members in signal transduction pathways (33) (34) (35) . Chlamydomonas Hsp90C associates with vesicle-inducing protein in plastid 1 (VIPP1), a protein implicated in thylakoid biogenesis or maintenance (45) . Based on these reports, we hypothesize that Hsp90C plays roles in diverse organellar processes and functions in specific processes (e.g., protein import, assembly of macromolecular complexes, and organellar signaling) that are controlled by interactions with specific cochaperones, similar to the cytosolic Hsp90 system. To date, the cochaperones for the Hsp90C have not been identified.
Our coimmunoaffinity purification analysis showed that Hsp90C associated with Tic110 even in the absence of protein import (Fig. 2) , demonstrating a role for Hsp90C as a component of the import-associated chaperone network, and suggesting that Tic110 serves as the docking site for Hsp90C at the translocon. It remains to be seen if the Hsp90C-Tic110 interaction is direct or indirect. Preprotein intermediates en route to the chloroplast stroma stimulated the formation TOC-TIC supercomplexes and complexes containing Hsp90C, Tic110, Hsp93, and cpHsp70, suggesting that the association of the chaperone network with Tic110 is dynamic and responsive to protein import. Tic40, the integral membrane cochaperone, was not a stable component of Hsp90C-TIC complexes (Fig. 2) . Interestingly, the stromal region of Tic40 contains tetratricopeptide repeat (TPR), stressinducible protein 1/Hsp70-Hsp90-organizing protein (Sti1p/ Hop), and Hip (Hsp70-interacting protein) domains (16, 17) , all of which mediate interactions between Hsp90s and their cochaperones in cytosolic systems (35) . In chloroplasts, it has been shown that Tic40 regulates transit peptide-Tic110 interactions and stimulates Hsp93 ATP hydrolysis (17) . Tic40 might also transiently participate in the formation of Hsp90C-TIC interactions (Fig. 2) . Therefore, it is possible that Tic40 plays multiple roles in coordinating the assembly and function of the import-associated chaperone complexes.
We observed that cpHsp70 and Hsp93 coprecipitated with Hsp90C, expanding the components of the chaperone network coordinated by Tic110 in higher plant chloroplasts. Interestingly, Hsp90C functions in a complex with cpHsp70 in the stroma of Chlamydomonas chloroplasts (29, 45, 46) , raising the possibility that these two chaperones also function together at TIC complexes during protein import in vascular plants. It was previously proposed that the cpHsp70 system and the Hsp93-Tic40 systems function in parallel during protein import based on epistasis analysis of combinations of cpHsp70, Hsp93, and Tic40 mutants (9, 10, 47) . Although our data suggest that Hsp90C functions as a component of the translocation motor of a wide variety of preproteins, the different chaperones may act sequentially or exhibit some selectivity toward distinct preprotein substrates during import, depending upon the physical characteristics of the preprotein. The remarkable complexity of the import-associated chaperone network in chloroplasts compared with other organelle translocation systems suggests that the stromal chaperones do not simply function as components of the translocon motor, but participate in a series of events required for efficient import. Further investigation of the role of Hsp90C in protein import provides an excellent system for understanding the roles of the components of the import-associated chaperone network in protein targeting and chloroplast biogenesis.
Materials and Methods
Protein import experiments were performed with chloroplasts from 10-12-d-old pea seedlings (Pisum sativum var. Green Arrow) as previously described (13) . Chloroplast import reactions were performed using [35S]methione-labeled preproteins and chloroplasts corresponding to 20 μg of chlorophyll. For generating early import intermediate with E. coli expressed preproteins, chloroplasts were depleted of internal ATP by incubation for 30 min in the dark in the presence of 400 nM nigericin (17) . Energy-depleted chloroplasts corresponding to 40 μg of chlorophyll and purified recombinant pre-SSU-3xFLAG-His were incubated in the presence of 0.1 mM GTP and ATP for 5 min at 26°C as described previously (18) . SI Materials and Methods provides additional information related to the main text on the following topics: plasmid and DNA constructs, protein expression and purification, antibody production, chloroplast isolation, cross-linking, immunoprecipitation or immunoaffinity purification, in vitro translation and in vitro import assays, ATPase assays, and Arabidopsis transformation.
